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The risk ofinducing hypoglycaemia (low blood glucose) constitutes the main 
challenge associated with insulin therapy for diabetes!?. Insulin doses must be 
adjusted to ensure that blood glucose values are within the normal range, but 
matching insulin doses to fluctuating glucose levels is difficult because even a 
slightly higher insulin dose than needed can lead to a hypoglycaemic incidence, 
which can be anything from uncomfortable to life-threatening. It has therefore been 
a long-standing goal to engineer a glucose-sensitive insulin that can auto-adjust its 
bioactivity in a reversible manner according to ambient glucose levels to ultimately 
achieve better glycaemic control while lowering the risk of hypoglycaemia?. 

Here we report the design and properties of NNC2215, an insulin conjugate with 
bioactivity that is reversibly responsive to a glucose range relevant for diabetes, 

as demonstrated in vitro and in vivo. NNC2215 was engineered by conjugating a 
glucose-binding macrocycle“ and a glucoside to insulin, thereby introducing a 
switch that can open and close in response to glucose and thereby equilibrate 
insulin between active and less-active conformations. The insulin receptor affinity 
for NNC2215 increased 3.2-fold when the glucose concentration was increased from 
3t020 mM. In animal studies, the glucose-sensitive bioactivity of NNC2215 was 
demonstrated to lead to protection against hypoglycaemia while partially covering 
glucose excursions. 


Using insulin to control diabetes comes with the risk of introducing 
hypoglycaemia, namely blood glucose values below 3.9 mM (refs.1,2). 
This is due to the fact that blood glucose fluctuations are difficult to 
predict owing to many factors, such as the character and timing of 
meals, exercise, infections and changing individual insulin sensitivity. 
People with diabetes must therefore adjust their daily doses ofinsulin 
(both basaland meal insulin) to account for these factors. However, to 
avoid events oflow blood glucose, which can be dangerous especially 
during the night, many opt for conservative insulin doses. Compro- 
mising insulin doses due to the fear of hypoglycaemia subsequently 
results in suboptimal glucose control, thereby increasing the risk of 
complications arising from long-term hyperglycaemia. To facilitate 
improved glycaemic control without the risk of hypoglycaemia, the 
idea ofengineering an insulin that can modify its bioactivity in response 
to varying blood glucose levels has been pursued since the 1970s%. 
Despite many publications and patents, to date, no mechanism has 
proven to solve the issue to the extentthatit can be applied to treat 
diabetess!!. Most papers in the field describe polymer systems that can 
release insulin from subcutaneous (s.c.) depotsin response to glucose 


fluctuations, but such systems are limited by delayed glucose diffusion 
to the subcutis, as well as a delay in the released insulin entering the 
blood circulation. Moreover, such systems release insulin irrevers- 
ibly, meaning that, once the insulin is released from the depot, itis no 
longer glucose sensitive. A better approach seems to be equipping 
insulin itself with glucose-responsive properties, so it can respondto 
glucosein a reversible manner. Notably, glucose values vary overa nar- 
row range (from approximately 2 to 20-30 mM.in people with diabetes), 
soarather steep change in insulin bioactivity must be attained for the 
glucose-sensitive insulin to have an impact. To achieve such sensitivity 
to glucose, a chemical group ableto bind to glucose with maximal sen- 
sitivity in this glucose range will be required. One system was based on 
oligofucose/mannose insulin conjugates that can be cleared from the 
circulation in an equilibrium between glucose-sensitive bindingtothe 
mannose receptor versus insulin binding to the insulin receptor?, but 
this did not merit pursuing beyond phase clinical trials?. The glucose 
response was found to be shallow, and high clearance at the mannose 
receptor led to a very low in vivo potency, implicating the eventual 
need for prohibitively high insulin doses. 
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The concept ofintroducing a glucose-sensitive switch intothe insulin 
molecule has been pursued over many years!1*!€. A switch involves 
dual conjugation ofa glucose-binding motif plus a binding partner 
onto insulin such that, at low glucose, the switch will induce a closed 
less-active state, equilibrating towards an open more-active state 
with higher glucose concentrations. The glucose-binding motif must 
therefore have an affinity for both glucose and the binding partner 
within the narrow glucose range that occurs in people with diabetes 
(approximately 2 to 20-30 mM). Furthermore, the two components 
of the switch must be attached to insulin in a manner that ensures 
that, in the closed state, there is a lower insulin bioactivity by alter- 
ing the insulin conformation and/or blocking the receptor binding 
surfaces ofinsulin. This switch idea has been pursued by using boro- 
nates as glucose binders, but the glucose sensitivity of such designs 
has so far been too limited for pharmacological use. The best previ- 
ous example ofa carbohydrate-sensitive switch working with insulin 
showed sensitivity to fructose at high concentrations (50 mM), but 
the compound was insensitive to glucose?. A recently identified mac- 
rocycle offers another option for a glucose-binding element“. The 
macrocycle was designed to provide a glucose-binding cavity that 
secures a relevant affinity for glucose as well as selectivity over other 
carbohydrates and potentially interfering small molecules. Here we 
describe the molecular design of NNC2215, an insulin with a glucose 
switch by incorporating the macrocycle at B29Lys and introducing 
an Ol-glucoside through a short linker at BIPhe (Fig. 1a). This com- 
bination of glucose binder, glucoside, linker and conjugation sites 
was found to impart glucose-sensitive bioactivity to NNC2215, which 
demonstrated a 12.5-fold increase in insulin receptor binding affin- 
ity when glucose was raised from O to 20 mM and a 3.2-fold increase 
when raised from 3to20 mM.Furthermore, NNC2215 was showntobe 
glucose sensitive in vivo, to attenuate hypoglycaemia in pigs and to 
reducethe glucose excursions during glucosetolerance tests (GTTS) in 
diabetic rats. 


Chemistry 


The macrocycele* (Fig. 2a) was conjugated to desB30 human insulin 
at the B29Lys N amino group through triazole formation” between 
a macrocycle derivative carrying an azido propyl linker from the 
macrocycle roofand an alkyne linker attached to B29Lys (by conju- 
gation at pH > 10 to obtain the B29 product). Conjugation through 
the macrocycle roof circumvents the need to orthogonally address 
one of three carboxylic acids, as would be needed for conjugation 
to either of the COOH groups on the pillars of the macrocycle. Den- 
drimers that were used for securing good aqueous solubility of the 
originally reported macrocycle*were found to be unnecessary when 
working with insulin-macrocycle conjugates. Besides the macro- 
cycle at B29, an Ol-glucoside with a short linker was attached to the 
B-chain N-terminal amino group (PheB1) by using the corresponding 
bromo trifluoromethyl sulfate phenyl ester at pH 7.5 (ref. 18). The 
glucoside was used as its O-peracetyl protected building block, and 
the acetyl groups were removed from the insulin conjugate by gen- 
tle saponification. A control compound, NNC2215a, with only the 
macrocycle at B29 was prepared similarly to NNC2215 by omitting 
the glucoside step. The conjugation sites on insulin were docu- 
mented by liquid chromatography coupled with mass spectrometry 
(LC-MS) analysis ofa sample that wastreated with trypsin followed by 
tris(2-carboxyethyl)phosphine (TCEP). The trypsin treatment cleaved 
NNC2215 after B22Arg to release the B23-B29 fragment, and TCEP 
cleaved the disulfides of NNC2215 to give separate A and B chains. 
LC-MS analysis ofthe resulting analytical mixture showed the macro- 
cycle attached totheB23-B29 fragment, and the glucoside attached 
totheB1-B22 fragment, along with free A-chain (chemistry details and 
LC-MS spectra are provided in the Supplementary information and 
Supplementary Data). 
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Fig.1| Functionalprinciple and 3D model of NNC2215. a, NNC2215is an insulin 
molecule with a glucose-sensitive switch. At increasing glucose concentrations, 
the switch equilibrates towards an open state and the insulin receptor affinity 
of NNC2215 is high, thereby contributing to preventing hyperglycaemia. When 
glucose levels decrease, the switch equilibrates towards a closed state, interfering 
with the ability of NNC2215 to bindto the insulin receptor, thereby contributing 
to preventing hypoglycaemia. Insulin backbone, macrocycle, glucoside and 
glucose models were prepared using BIOVIA Discovery Studio (Dassault Syst&mes). 
b, 3D models of NNC2215 in the open and closed forms. The insulin backbone is 
shown asribbonsand the switch elements (glucoside and macrocycle) areshown 
as stick representations. Insulin receptor chains A and Cfrom PDB 6PXV are 
shown aswhite and grey surface representations. The open form ofNNC2215 
(yellow) has free glucose (orange; top left corner) bound to the macrocycleat 
B29. The B1-glucoside of NNC2215 in the open form is shown in orange (on the 
right). The closed form of NNC2215 (cyan) has the glucoside boundin the 
macrocycle and showsa clash between the C-terminal part ofthe insulin B-chain, 
including the switch and the C-terminal domain ofthe insulin receptor 

(a-CT, purple). 


Glucose binding of macrocycle and NNC2215 


Using isothermal titration calorimetry (ITC), the free macrocycle of 
NNC2215 was shown to bind to glucose with a dissociation constant (K4) 
of98 uM (Fig.2b). Native MS analysis was used to study the binding of 
NNC2215 towards glucose. As expected, the presence ofthe glucoside 
in the dual conjugate changed the glucose affinity of NNC2215 relative 
to the free macrocycle, such that NNC2215 was found to bind to glucose 
with a K4 of 2.1 mM, which, in the context of diabetes, is considered 
to be severe hypoglycaemia. The control compound, NNC2215a with 
macrocycle only, was found by native MS to bind to glucose with a K, 
of 0.5 mM.Itis not surprising that conjugation of the macrocycle to 
insulin will moderately change its glucose affinity (relative to the free 
macrocycle). Similarly, attaching albumin-binding moieties to insulin 
or other proteins also generally changes their affinity relative to the free 
ligands, probably due to weak interactions ofthe conjugated moieties 
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Fig.2 | Chemical structure and glucose-binding properties of NNC2215. 
a, NNC2215 with dual conjugation of the macrocycle atB29 and the glucosideat 
B1. The control compound NNC2215a has only the B29-macrocycle. Prepared 
using BIOVIA Draw (Dassault Systemes).b, ITC measurement ofthe affinity of 
glucose tothe free macrocycle. A K4of98 uM was obtained by fitting the data to 
a1:1binding model. c, Analysis ofthe binding ofglucose towards NNC2215 


withthe proximal protein and its sidechains. Overall, the glucose affin- 
ity of NNC2215 and the control compound NNC2215a as measured by 
native MS was approximately 20-fold and 5-fold weaker compared 
with the free macrocycle, thereby demonstrating that suitable switch 
dynamics had been achieved. The glucose binding and concurrent 
opening of the switch in NNC2215 and NNC2215a in response to 0 to 
20 mM glucose can be followed by the native MS binding plot in Fig. 2c. 
The steepest part ofthe binding curve is consistent with what would 
be considered to be hypoglycaemia, below 4 mM glucose. Although 
the native MS data are obtained in the gas phase (MS vacuum), such 
data often reflect the interactions of molecules corresponding to the 
aqueous solutions from which the complexes are sampled”. 


3D model of NNC2215-insulin receptor 


Structural models were built ofthe insulin receptor binding to NNC2215 
with the switch in either the open or closed state by superimposing 
models of NNC2215 on the insulin-insulin receptor complex Protein 
Data Bank (PDB) 6PXV (refs. 20-24) to exemplify its functioning. As 
illustrated in Fig. 1b, when the switch is closed, a clash occurs between 
the C-terminal part ofthe insulin B-chain and the C-terminal domain of 
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(Ku =2.1mM) and NNC2215a (K, = 0.5 mM) using native MS (the raw native mass 
spectra are shown in the Supplementary Data). R? values from nonlinear 
regression are 0.9989 for NNC2215 and 0.9994 for NNC2215a. Data are 
mean + s.d.n = 3 technical replicates. The s.d. error bars are shorter than the 
size ofthe symbols. Individual values are shown as black squares/circles. 


the insulin receptor, termed a-CT. The a-CT domain is known to bea 
crucial part for insulin binding?%. We believe that this steric hindrance is 
the driving force for the observed lower receptor affinity of NNC2215 at 
low glucose concentrations, that is, with the switch populating mainly 
the closed conformation. By contrast, the model of the open state is 
compatible with a fully active insulin conformation able to bind to 
the receptor. 


In vitro biology 


To study the glucose-sensitive interaction of NNC2215 with the insulin 
receptor in vitro, insulin-receptor-binding studies were conductedin 
the absence or presence ofvarying glucose concentrations whereby the 
binding of human insulin receptor A (hIR-A) to NNC2215 was compared 
tothatofhuman insulin and insulin degludec (an acylated, long-acting 
basal insulin)* (Fig. 3a-c). Unique to NNC2215, it can be seen that the 
binding curves are affected by the increasing glucose concentrations 
(Fig. 3a). Relative to the hIR-A affinity for human insulin, the affinity 
for NNC2215 increases from 0.75% to 2.9%, 4.3%, 6.5% and 9.2% over 
the glucose concentration range of0,3,5,10and20 mM, whereas insu- 
lin degludec has a constant affinity relative to human insulin (Table 1 
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Fig.3 | Glucose-dependenthiR-A affinity of NNC2215. a-c, Representative 
displacement curves of'%I-insulin from hIR-A for NNC2215 (a), human insulin (b) 
and insulin degludec (c) in the presenceofOto 20 mMo-glucose. Data are 
mean + s.d.n = 3technical replicates. For some datapoints, the s.d. error bars 
are shorter than the size of the symbols. d, hIR-A affinity of NNC2215 and insulin 
degludec relative to human insulin over increasing glucose concentrations. 


and Fig. 3d). The increase in hIR-A affinity for NNC2215 is 12.5-fold 
from O to 20 mM glucose, while it is 3.2-fold from 3 to 20 mM glucose, 
a concentration range that can be observed in people with diabetes 
(Table 1). Notably, this increase in hIR-A affinity was determined in the 
presence of 1.5% albumin, which is the maximum concentration that 
canbe toleratedin the assay (compared to approximately 4% albumin 
in the human circulation). In the absence ofalbumin, the increase in 
hIR-A affinity was reduced to 6.8-fold (from Oto 20 mM glucose), sug- 
gesting that albumin binding contributes to some extenttothe glucose 
sensitivity of NNC2215 (Extended Data Fig. 1a). Furthermore, the obser- 
vation that, in the presence of1.5% albumin, there is a small, 2.4-fold 
increase in hIR-A affinity (from O to 20 mM glucose) for NNC2215a, 
the control compound with only a macrocycle, also indicates a weak 
albumin-binding effect (Extended Data Fig. 1b). 


Table 1 | Glucose sensitivity of NNC2215 activity with respect to 


Insulin concentration (M) 
Data are mean + s.d.n =3independentreplicates. For some datapoints, the s.d. 
error bars are shorterthan the size ofthe symbols. e, Representative curves of 
NNC2215 and insulin degludec dose-dependent conversion of*H-p-glucose 
intolipidinisolated ratadipocytesatlow(GmM)andhigh (20 mM) L-glucose 
concentrations. Data are mean. n = 2 technical replicates. CPM, counts per 
minute. 


The specificity towards the insulin receptor compared to the 
insulin-like growth factor L receptor (IGF-1R) is very important to avoid 
any increased mitogenicity. The IGF-1R binding was measured in the 
presence and absence of20 mM p-glucose (Extended Data Fig. 1c). 
Relative to human insulin, at both O and 20 mM glucose, NNC2215 had 
approximately 10% IGF-1R affinity compared with its insulin receptor 
affinity (Extended Data Fig. 1a,d). Thus, as compared to human insulin, 
NNC2215 has a higher specificity towards the insulin receptor versus 
the IGF-I1R. 

The ability of NNC2215 to activate the insulin signalling pathway 
was examined in Chinese hamster ovary cells expressing the cloned 
human insulin receptor (CHO-hIR). Full dose-response curves were 
obtained for NNC2215 stimulating tyrosine phosphorylation of the 
human insulin receptorwith a potency of57.1% (95% confidence interval 


hIR-A binding and downstream metabolic response 


hIR-A affinity relative to human insulin? (%) 


D-Glucose (mM) 


L-Glucose (mM) 


[o] 3 5 10 20 20 
NNC2215 0.75+01 2.9+0.4 4.3+0.4 6.5+1.0 9.2+0.9 5.7+0.8 
Insulin degludec 0.36+0.01 0.35+0.03 0.36+0.03 0.37+0.03 0.37+0.04 0.49+0.08 
RhIR-A affinity relative to human insulin Lipogenesis 


(fold change between glucose concentrations) 


(fold change between glucose concentrations) 


D-Glucose (mM) L-Glucose (mM) 

20vs3 20vs0 20vs0 20vs3 
NNC2215 38.2+0.3 12.5+1.7 7.6+0.8 2.2+0.5 
Insulin degludec 1.1+0.2 1.0+01 1.4+0.2 1.1+0.2 


Data on hiR affinity are mean+s.d. of three independent experiments. Data on lipogenesis are mea 
insulin degludec. 


nzs.d. of seven independent experiments for NNC2215 and five independent experiments for 


“Determined from the half-maximal inhibitory concentration (ICz) in the presence of O, 3, 5, 10 or 20mM p-glucose or 20mM L-glucose (with 1.5% human serum albumin). 
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Fig.4 | Glucose-concentration-sensitive activation and deactivation of 
NNC2215 in vivo. a, Triggering of NNC2215 by dosing rats i.v.withOto2gkg! 
L-glucose, resultingin lowering ofp-glucose. Data are mean + s.e.m. n = 7 animals 
per group. b, Glucose dose-dependent clearance of NNC2215 measured by the 
NNC2215 concentration at 60 min. Data are mean + s.e.m.n = 7 animals per 
group. Statistical analysis was performed using a two-sided Student's t-test; 


(CI) = 41.7-78.1) compared with human insulin. Downstream signalling 
through AKT and ERK activation hadthe same balance relativeto human 
insulin with potencies of 68.4% (95% CI = 55.7-84.0) and 48.0% (95% 
CI = 34.4-66.9), respectively (Extended Data Fig. le-g). 

The glucose sensitivity of NNC2215 was reflected in a metabolic end 
point measured ex vivo in rat adipocytes?. The induction of glucose 
uptake and incorporation into lipids in rat adipocytes, thatiis, lipo- 
genesis, was measured in an assay in which we took advantage ofthe 
enantiomer ofthe physiologically active D-glucose, namely L-glucose. 
The rationale for using L-glucose is that cells do not catabolize or take 
up L-glucose in appreciable amounts, at least not through saturable 
transport, exceptin the case ofsome Gram-negative bacteria and plants 
under certain conditions. In control experiments, L-glucose did not 
compete with the uptake of p-glucose into adipocytes, but L-glucose 
binds to the achiral macrocycle of NNC2215 with the same affinity as 
D-glucose??. In the hIR-A-binding assay, L-glucose is not as potent as 
D-glucose in activating NNC2215. The increase in the binding affinity 
of NNC2215 observed between O and 20 mM is 7.6-fold for L-glucose 
compared with 12.5-fold for p-glucose (Table 1). The metabolic response 
measured with L-glucose will therefore be underestimated compared 
with the effect of p-glucose. The lipogenesis measurement showed a 
2.2-fold difference in the dose leading to half-maximal effect deter- 
mined for NNC2215-induced 3H-p-glucose conversion into lipid in rat 
adipocytes at low (3 mM) versus high (20 mM) L-glucose (Fig. 3e). This 
demonstrates the glucose sensitivity of NNC2215 ex vivo with respect to 
insulin-induced metabolic response. With insulin degludec, lipogenesis 
showed no responseto L-glucose. 


In vivo pharmacology 

To investigate the glucose-concentration-sensitive activation and deac- 
tivation of NNC2215 in vivo, we developed three different protocols. 
In the simplest protocol, rats were dosed intravenously with NNC2215 
followed by L-glucose, thereby triggering NNC2215, resulting in the 
lowering ofp-glucosein an L-glucose-dose-dependent manner. Further- 
more, the deactivation of NNC2215 at low glucose was investigated in 
pigs by an acute drop in plasma glucose in comparison to the glucose 
drop induced by a non-glucose-sensitive insulin (insulin degludec). 
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*P= 0.013. c, Representative glucose profiles in LYD pigs during constanti.v. 
infusion of NNC2215 (1.86 pmol kg! min!) orinsulin degludec (0.9 pmol kg min!) 
after stopping and restarting the constanti.v. glucose infusion (6 mgkg1'min”?). 
Data are mean + s.d.n = 7(NNC2215) and n = 8 (insulin degludec) pigs. 

d, Pharmacokinetic/pharmacodynamic modelling results for a representative 
LYD pig dosed with 1.72 pmol kg! min 1NNC2215. SI, insulin sensitivity index. 


Finally, the activation of NNC2215 during meal-like glucose fluctua- 
tions was studied during a glucose challenge in diabetic rats. Insulin 
degludec was used asa controlin the intravenous (i.v.) rat study and as 
acomparator in the pig study due to similar pharmacokinetic proper- 
ties after i.v. administration (Extended Data Table la), whereas human 
insulin was used as comparator inthe rat glucose challenge study. The 
in vivo half-life of NNC2215 was determined to be 1.2 h by i.v. dosingto 
rats and 1.3 h by i.v. dosing to pigs (Extended Data Table 1a). 


L-Glucose study in rats 


L-glucose was usedtotrigger NNC2215 in rats, withouttriggering endog- 
enous insulin release as dosing of p-glucose would otherwise do in 
non-diabetic rats. Figure 4a shows how i.v. administration ofthe same 
dose of NNC2215 followed by L-glucose (4 dose levels including vehicle) 
dose-dependently triggers insulin action of NNC2215 by lowering of 
D-glucose. As expected, NNC2215 is dose-dependently cleared fromthe 
plasma after the triggering by L-glucose, as evidencedby the lowering of 
NNC2215 plasma concentrations (Fig. 4b). The initial peak in D-glucose 
after L-glucose or vehicle injection (Fig. 4a) is a short-lived response 
related to the dosing (handling) of the animals. This response is not 
associated with NNC2215 as the same pattern is also seen in a similar 
L-glucose protocol testing the non-glucose-sensitive insulin degludec 
(Extended Data Fig. 2). Notably, the method used to measure p-glucose 
does not detect L-glucose, asitis based onthe glucose oxidase enzyme. 


Hypoglycaemic study in LYD pigs 

To evaluate the in vivo activity of NNC2215 in healthy Landrace- 
Yorkshire-Duroc (LYD) pigs, and to essentially eliminate the effects 
from p-glucose fluctuations on endogenous hormone release, soma- 
tostatin infusion was used to suppress secretion ofboth glucagon and 
insulin. Furthermore, the study was conducted under a primed con- 
stant infusion of NNC2215 versus insulin degludec at different rates 
accompanied by glucagon replacement and constant glucose infusion. 
After5 h ofinfusion, when approximate steady-state plasma concentra- 
tions ofinsulin (degludec or NNC2215) and glucose were achieved, the 
D-glucose infusion was stopped (Fig. 4c). This procedure resulted in a 


decrease in plasma p-glucose, promoted by the continued insulin infu- 
sion, but the drop was observed to be less pronounced with NNC2215 
compared with insulin degludec, thereby showing glucose-sensitive 
switching ofthe insulin bioactivity. Evaluation ofthe full dataset using 
different insulin infusion rates of NNC2215 and insulin degludec shows 
that, after the glucose infusionis turned off, at any given plasma glucose 
concentration, the drop in plasma glucose is smaller for NNC2215 than 
for insulin degludec (Extended Data Fig. 3). The large s.d. observedin 
the C-peptide response (Extended Data Fig. 3d) was due to a single 
animal with high C-peptide levels during all six experimental days. 
Omission ofthe data from this animal does not alter the conclusion 
on glucose sensitivity (Extended Data Fig. 3c). Data from two repre- 
sentative groups are shown in Fig. 4c, where glucose dropped to about 
4.5 mM with NNC2215 versus a drop to about 3 mM glucose for insulin 
degludec, thus demonstrating protection against hypoglycaemia with 
NNC221$5. 

NNC2215 exposure and plasma glucose concentrations after s.c. 
versus i.v. administration of NNC2215 to female LYD pigs are shown 
in Extended Data Fig. 4. The mean + s.d. bioavailability of NNC2215 
after s.c. administration was estimated to be 73 + 24%. A small, acute 
plasma-glucose-lowering effect was observed after i.v. administration 
of0.3 nmol kg 1, while after s.c. administration of2 nmol kg 1, the drop 
in plasma glucose was less, consistent with the exposure of NNC2215. 
A protracted pharmacokinetic profile was observed after s.c.adminis- 
tration with a harmonic mean half-life of19 h. This is longer than previ- 
ously observed for insulin detemir (6.5 h)*andinsulin degludec (7.2 h)% 
in pigs and suggests that NNC2215 could be suitable for once-daily dos- 
ing based onthis animal model. The difference in s.c. half-life between 
the different insulin analogues highlights the rationale for using i.v. 
infusion as the route ofadministrationin the pig studies to demonstrate 
in vivo glucose sensitivity of NNC2215, which was to circumvent the 
confounding effects ofthe different s.c. pharmacokinetic profiles. 


Pharmacokinetic/pharmacodynamic models 


The pharmacodynamic data from pigs were analysed by applying the 
minimal model, which describes glucose kinetics and insulin activity 
in a quantitative manner*? (Supplementary information and Extended 
Data Fig. 5a). Together with a pharmacokinetic model (Supplementary 
information and Extended Data Table 1b), the minimal model was used 
to quantify the change in insulin activity of NNC2215 with changing 
plasma glucose. The best fit to the glucose data for NNC2215 from 
the hypoglycaemic study in LYD pigs was obtained by implementing 
a saturable effect of glucose on the insulin sensitivity parameter (SI) 
and the corresponding SI index, which is defined as 100% at 5.5 mM 
glucose. A representative fit to the glucose data from a single pig dosed 
with 1.72 pmol kg! min 1 NNC2215 is shown in Fig. 4d. For this pig, the 
plasma glucose dropped from 8.5 mMto 3.8 mMwhen the glucose was 
turned off, and the SI index decreased from 140% to 70%, indicating a 
significant dynamic range for activation of NNC2215 within a relevant 
glucose range. For insulin degludec, the SI index was always 100%, 
as indicated by the horizontal dashed line in Fig. 4d. The modelling 
indicates that, within the range of3to 15 mM glucose, the relationship 
between plasma glucose and the Slindexis linear, with a slope of14.6% 
per mM glucose (Extended Data Fig. 5b). 


Glucose tolerance in STZ-diabetic rats 


Insulinopenic streptozotocin (STZ)-diabetic rats were used to investi- 
gate the glucose-induced activation of NNC2215 without interference 
from endogenous insulin release during anii.v. GTT. Overnight-fasted 
rats were infused i.v. with one ofthree different constant molar rates 
of either NNC2215 or human insulin to lower plasma glucose from 
>15 mMtoa predefined target of 5.7 mM. This glucose target wasthen 
maintained by adjusting an i.v. glucose infusion rate. When the glucose 
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Fig. 5 | Glucose-induced activation ofNNC2215 duringa GTT in streptozotocin- 

diabetic rats. a,b, The glucose infusion rate (GIR) (a) and plasma glucose (b) 

profiles before (0-150 min), during (150-210 min) and after (210-300 min) 

aGTT in streptozotocin-diabetic rats receiving i.v. infusion of NNC2215 

(84 pmol kg! min”), human insulin (20 pmol kg! min!) or human insulin 

(20 pmol kg"! min'!) plus additional 10 pmol kg! min'!(+50%) during the GTT. 

Data are mean + s.e.m.n = 5 (NNC2215 and human insulin) and n = 7 (human 

insulin +50%) rats. 


infusion rate was at steady state, a GTT was performed by infusing an 
additional25 mg kg! min 'ofglucose for 60 minontopofthe individual 
steady-state glucose infusion rate (Fig. 5a), and the resulting changes 
in the plasma glucose concentrations were then monitored. 

A subset of data from STZ-diabetic rats with a similar steady-state 
glucoseinfusion rate, that is, with a similar insulin effect, before the GTT 
are shownin Fig. 5. As shownin Fig. 5b, during the GTT, the increase in 
plasma glucose was approximately 20% smaller in the NNC2215 group 
compared with the human insulin group (mean + s.e.m., 18.3 + 1.1 versus 
22.9 + 1.3 mM,P< 0.02), indicating a larger insulin effect of NNC2215 at 
the high glucose concentrations without a change in insulin exposure. 
To quantify how much 50% additional human insulin would reducethe 
maximum plasma glucose concentrations during the GTT, another 
group ofratswas given 50% additional human insulin on top ofits con- 
stantinfusion rate, thatis,20 + 10 pmol kg! min during the GTT. The 
resulting maximum plasma glucose concentration was significantly 
reduced (by approximately 34%) by the 50% additional human insulin 
comparedto human insulin at the equimolar infusion rate (mean + s.e.m. 
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15.1 + 0.7 versus 22.9 + 1.3 mM, P< 0.0002), and the maximum plasma 
glucose also tended to be further reduced compared with NNC2215 
(mean + s.e.m., 15.1 + 0.7 versus 18.3 + 1.1 mM,P= 0.08) (Fig. 5b). 

Analysis ofthe full dataset showed that, during the GTT, the reduc- 
tions in the maximum plasma glucose concentration caused by 
NNC2215 and by the 50% additional human insulin comparedto human 
insulin at the equimolar infusion rate were comparable across the dif- 
ferent insulin doses tested. The glucose-induced increase in insulin 
activity of NNC2215 during the GTT was estimated to correspond to 
an approximately 30% increase in the human insulin dose (Extended 
Data Fig. 6). 


Discussion 


Insulin was equipped with a glucose-sensitive switch comprising a 
macrocycle conjugated to LysB29 and an Ol-glucoside conjugated 
to BIPhe, both through short linkers. The binding of NNC2215 to glu- 
cose was evaluated using native MS analysis, showing that the steep- 
est part ofthe binding curve matches the hypoglycaemic range, that 
is, lower than 4 mM glucose. Glucose-sensitive binding of NNC2215 
to the insulin receptor over a glucose concentration range from O to 
20 mM was measured, and the glucose responsiveness of NNC2215 was 
found to be much stronger than what has been reported for previous 
attempts at equipping insulin with glucose-sensitive switchesl. The 
glucose-promoted modulation ofthe interaction of NNC2215 with 
the insulin receptor could be rationalized by 3D molecular modelling 
studies, visualizing how NNC2215 with the switch in the closed state can 
interfere with binding towards the a-CT domain ofthe insulin receptor. 
To be useful as a pharmacological agent, this switch should respond 
to glucose in concentrations that occur in people with diabetes (that 
is, approximately 2 to 20-30 mM). The glucose specificity of the mac- 
rocycle has been studied previously“, but it cannot be ruled out that 
there may be some binding to glycosylated proteins. However, when 
looking at the insulin receptor, whichis a glycosylated protein and was 
semi-purified using a glycosylation binding column with wheat germ 
agglutinin (WGA), if there was binding of NNC2215 to the glycans of 
the insulin receptor, the control compound NNC2215a, with only the 
macrocycle, should show glucose sensitivity in the binding assay, which 
itdid not. This suggests that NNC2215 does not bind to any major extent 
to glycosylated proteins. 

The glucose sensitivity in vivo was supportedin a relatively simple, 
acute rat model using L-glucose dosed to trigger the insulin effect 
of NNC2215 without stimulating endogenous insulin release. The 
activation of NNC2215 by L-glucose resulted in a dose-dependent 
lowering of p-glucose and concurrent L-glucose dose-dependent 
clearance of NNC2215. This protocol was inspired by the use of 
a-methyl-D-mannopyranoseto trigger glucose-sensitive insulin deriva- 
tives that rely on the previously described mannose receptor principle?. 

Notably, the glucose-sensitive insulin receptor binding and cellu- 
lar effects of NNC2215 translated to an in vivo hypoglycaemia pro- 
tective effect observed in an acute-diabetic-like pig model induced 
by somatostatin and glucagon replacement infusions. For the same 
glucose-lowering effect at the start, when the p-glucose infusion was 
shut off, we observeda drop in plasma glucose, but the drop was smaller 
for NNC2215 than for insulin degludec, with the lowest glucose value 
averaging approximately 4.5 mM for NNC2215 versus below 3 mM for 
insulin degludec. The difference in the glucose drop between NNC2215 
and insulin degludec was observed across all dose levels tested and 
was estimated to be approximately 1.8 mM in the overlapping start- 
ing glucose range (Extended Data Fig. 3). This degree of attenuation 
in the undesirable plasma glucose lowering effect when there is too 
much insulin at low glucose levels is expected to confer a substantial 
advantage to insulin conjugates like NNC2215 in their ability to reduce 
therisk ofhypoglycaemia inherentto insulin treatment whenever there 
is a mismatch between insulin dose and actual need. 
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We also observed an activation of NNC2215 during a glucose chal- 
lenge in STZ-diabetic rats corresponding to the effect of30% additional 
human insulin. Such glucose-induced activation of NNC2215 suggests 
thatit may be able to contribute to reducing some ofthe glucose excur- 
sion after a meal. Thus, less than full doses of fast-acting insulin may 
be required with larger meals. Smaller doses of mealtime insulin in 
combination with NNC2215 could potentially reduce the risk ofhypo- 
glycaemia induced by the fast-acting insulin, and could overall allow 
for tighter glucose control without the fear of hypoglycaemia. 

The modelling of pharmacokinetic/pharmacodynamic data in pigs 
quantified the dynamic range for activation of NNC2215 in vivo. Onthe 
basis ofthe pharmacokinetic/pharmacodynamic modelling, within the 
glucose range relevant for diabetes, the insulin activity index varied 
from around 60% at 3 mM glucose to 290% at 20 mM glucose (Extended 
Data Fig. 5b), thatis, a 5-fold range, which matches the 3.2-fold differ- 
ence in insulin receptor affinity between 3 and 20 mM glucose found 
in vitro. Such consistency between invitro andin vivo glucose sensitiv- 
ity of NNC2215 lends supportto the possible translation to human use 
for compounds with properties like NNC2215. 

In conclusion, insulin conjugates with properties such as NNC2215 
hold promise for improving treatment of diabetes by potentially 
lowering the risk of hypoglycaemia and partly covering the need for 
fast-acting insulin at mealtime. The combination ofthese two features 
should allow for more aggressive insulin titration compared to current 
insulin therapies to achieve normal glucose levels without increasing 
the risk of hypoglycaemia. This could improve both the short-term 
and long-term risks and complications associated with diabetes. On 
a general note, NNC2215 illustrates how molecular switches can be 
designed to enable autonomous control of molecular bioactivity in 
responseto changing concentrations ofanother molecule, even within 
a narrow range such ass the case for blood glucose levels. 
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Methods 


Synthesis ofbuildings blocks, insulin conjugate NNC2215 and 
control compound NNC2215a 

Detailed synthesis of NNC2215 and the control compound NNC2215a 
is described in the Supplementary information and in Extended 
Data Figs. 7-9. In brief, desB30 human insulin was conjugated at 
B29 to O-succinimidyl-pentyn-l-oxycarbonyl at pH > 10, andatB1 
to O-peracetyl-D-glucosyl-B-ethylenoxy-acetic acid using Br CF, sul- 
fonate phenolic active ester at pH 7.5. The acetyl groups were removed 
by gentle saponification. The macrocycle reagent was made from 
3-(3,5-dimethylphenyl)propanoic acid by benzylic bromination, azi- 
dation, reduction of COOH to alcohol, and the azides were reduced 
to the amines, which were Boc-protected. The propyl alcohol was 
activated as the mesylate and transformed to the propyl azide. The 
three Boc-amino groups were transformed to the isocyanates using 
triflic anhydride, and the macrocycle was closed by reaction ofthe 
isocyanateswith the previously described trisamino half-macrocycle 
reagentf. The roof azide macrocycle was triazole-coupled under Cu(1) 
catalysis with the given B29-alkyne insulin to give NNC2215, which 
was purified using high-performance LC. Chemical characterization 
isshowninthe Supplementary information and Supplementary Data. 


Glucose affinity ofthe free macrocycle propyl azide by 
calorimetry 

The concentration of the free macrocycle (Extended Data Fig. 8i) in 
the cell was 50 uM. The concentration of glucose added in the syringe 
was 3 mM. The injection volume was 10 ul. The stirring speed was 
310 rpm; all in 10 mM phosphate buffer, pH 7.4 at 25 *C. The obtained 
K, was 10,200 M'", and the K, was 98 uM. Data were acquired on the 
MicroCal VP-ITC microcalorimeter and processed using the MicroCal 
software (MicroCal VP-ITC Analysis Add-On Software Package 7.20 for 
ORIGIN 7.0). 


Affinity of NNC2215 towards glucose by native MS 

Glucose solutions (18.75 uM, 37.5 uM, 75 uM, 150 uM,300 uM, 625 uM, 
1.25 mM, 2.5 mM, 5 mM, 10 mM, 20 mM) in presence of NNC2215 
(0.5 mg ml!) were prepared in 75 mM NH,Ac, pH 7.4. The compounds 
were buffer-exchanged into 75 mM NH,ACc, pH7.4 by Amiconultracen- 
trifugal devices with 3,000 Da molecular weight cut-off filters. Direct 
infusion using a standard ESI probe was performed on a UPLC-ESI-MS 
Synapt G2-S (Waters) system with a UPLC flow-through needle. No 
column was used, and the system was configured to allow sample flow 
directly from the sample manager to the electrospray ionization probe. 
Positive ionization mode was used and the samples were sprayed using 
a flow of30 ul min and an injection volume of 20 ul. The capillary 
voltage was 1.2 kV, and the source temperature was 85 *C, while the 
desolvation temperature was 80 *C. A Genedata workflow was used to 
quantify the ratio bound using the intensity (TIC) ofthe bound glucose 
complex versus the unbound form, thatis, M+ 1glucose/(M+ (M+1 
glucose)). The ratio bound (%) versus the glucose concentration (mM) 
was plotted using GraphPad Prism (GraphPad). The apparent glucose 
equilibrium Kg was determined from the binding curves by fitting the 
data with a one-site total-binding model. 


3D modelling studies 

Thestructural models ofNNC2215were built using Maestro (Schrâdinger 
release 2020-3)%. The macrocycle model was adapted from the models 
shown previously* and connected to insulin at B297 with the corre- 
sponding linker. The glucoside was built modifying B1. For the open 
configuration, the modifications were applied to the receptor-bound 
insulin in PDB 6PXV (chain E?9), with a glucose molecule bound in the 
macrocycle as in the previous model“. For the closed conformation, insu- 
lin from PDB 2VJZ (ref. 21) was modified, building the glucoside bound 
in the macrocycle based on the same macrocycle-glucose complex 


model described above. Both models underwent further refinement 
andenergy-minimization steps within Maestro. For the obtained closed 
state, we additionally ran a molecular dynamics simulation in explicit 
solvent to test the stability of the conformation. The OPLS3e force- 
field was used for models of NNC2215 bound to glucose, which were 
solvated water molecules based on simple point charge (SPC) model 
in sodium-neutralized simulation boxes. A real-space cut-offof9Ă 
for Coulombic interactions was used throughout. Standard Desmond 
preparation and relaxation protocols were used“, gradually warming 
up the system and releasing restrained heavy atoms, consisting ofini- 
tial 100 ps in NVT ensemble with Brownian dynamics at 10 K with a 1 fs 
timestep and 12 psin Langevin dynamics with a Berendsen thermostat, 
followed by two subsequent equilibration runs of12 psin NPT ensemble 
at 1 atm with a Berendsen barostat first at 10 K and then at 300 K, and 
finally 24 psat 300 Kinthe same NPT ensemble with full release of heavy 
atom restraints. The final molecular dynamics production run consisted 
of100 nsin NPT at 1 atm and 300 K, using the Martina-Tobias-Klein 
method. The final coordinates of both open and closed models were 
superimposed onto the bound insulin in PDB 6PXV (chain E) to show 
how the closed conformation would hinder the interaction with the 
insulin receptor. Figure 1b was generated using ChimeraX**. 


In vitro biology 

hIR-A and IGF-1R affinity measurements. The following materials 
were used: SPA PVT antibody-binding beads, anti-mouse reagent (GE 
Healthcare, RPNQO0017), HSA (Sigma-Aldrich, A1887, SLCBR2530) 
and antibodies hIR 83.7 and IGF-1R 24-31 (produced at Novo Nordisk, 
licensed from K. Siddle*5%5). 

BHK cells overexpressing hIR-A or IGF-1R were lysed in 50 mM 
HEPES pH 8.0, 150 mMNaCI, 1% Triton X-100,2 mM EDTA and 10% glyc- 
erol. The cleared cell Ilysate was batch absorbed with WGA-agarose 
(Lectin from Triticum vulgaris-Agarose, L1394, Sigma-Aldrich) for 
90 min. The receptors were washed with 20 volumes 50 mM HEPES 
pH 8.0,150 mMNaCI and 0.1% Triton X-100, after which the receptors 
were eluted with 50 mM HEPES pH 8.0, 150 mM NaCI, 0.1% Triton X-100, 
0.5 Mn-acetyl glucosamine and 10% glycerol”. All buffers contained 
cOmplete protease inhibitor mixture (Roche Diagnostic). 

Binding studies were performed with dilution series of ligands in 
100 mM HEPES, 100 mM NaCI, 10 mM MgS0, and 0.025% (v/v) Tween- 
20, pH 7.4, with or without 1.5% HSA in the presence of 0, 3, 5,10 or 
20 mM op-glucose in triplicates for each dilution in 96-well Isoplates 
(PerkinElmer, 6005049), 5,000 CPM Tyr A14-1%l-insulin, 25 ul SPA 
beads, 25 ng IR 83-7 antibody, 0.006 ul hIR-A per well. After 22 h incu- 
bation at 22 *C, the bound radioactivity was quantified by counting 
in a Microbeta2 2450 Microplate counter (Perkin Elmer), essentially 
as described previously”. 

IGF-1R-binding assays were conducted essentially as for the IR bind- 
ing assays, except that solubilized IGF-1RS, ['%I1-Tyr31]-human IGF-Land 
the IGF-1R-specific antibody 24-31 were used as previously described. 

The ICs9 and relative affinities to human insulin were calculated. Each 
pointin the competition curve was a measure oftriplicates with the 
mean and s.d. The IC; ofthe one-site binding model was fitted with a 
nonlinear regression algorithm using GraphPad Prism. The top, bottom 
andslope were set to be equal for all of the compounds in each experi- 
ment. As the logarithm cannot be calculated for zero, the concentration 
without unlabelled ligand was set to 1 x 10 Min the calculations. On 
each plate, human insulin was included for calculation of the relative 
affinities of NNC2215 and insulin degludec for each set of plates. The 
average and s.d. for three independent experiments were calculated 
using Excel. The fold changes in the relative affinity to hIR-A were cal- 
culated from O or3 mMglucose to 20 mM glucose in each experiment 
and the average and s.d. were calculated. 


hIR phosphorylation and AKT and ERK assays. In three independ- 
ent experiments, CHO-hIR cells* were stimulated with increasing 


concentrations of human insulin and NNC2215 (0-1 uM) for 10 min. 
After stimulation, cells were homogenized in Iysis buffer. Insulin 
receptor phosphorylation was measuredin technical duplicate with the 
InsR(pY1158) Thermo Fisher Scientific ELISA kit according to the manu- 
facturer's instructions. Phosphorylation of AKT and ERK were measured 
in technical duplicate using AlphaScreen, SureFire AKT1/2/3 (p-Ser473) 
and SureFire ERK1/2 p-T202/Y204 Assay Kits from PerkinElmer accord- 
ing to the manufacturer's instructions and a previous study”. 


Lipogenesis in primary mouse adipocytes. In primary rat mouse 
adipocytes isolated from epididymal fat pads, the effect of NNC2215 
and insulin degludecon lipogenesis was determined by measuring the 
incorporation of [?H]-labelled glucose into fat as described previously” 
with a slight modification: L-glucose was added to a final concentration 
of3mMor20 mM. 


In vivo studies 

Animal experiments were performed under a license granted by the 
Danish national Animal Experiments Inspectorate and complied with 
relevant ethical regulations on animal research. 


L-Glucose rat model. Non-fasted healthy male Sprague-Dawley rats 
(aged 11 weeks; 380-430 g) were dosed i.v. with NNC2215 or insulin 
degludec (4.5nmol kg 1) at timepoint zero. Then, 30 min later, the rats 
received an additional i.v. dosing ofvehicle or 0.5,1or2 gkg'1-glucose 
(n = 7 per group).Blood was drawn from the sublingual vein into EDTA 
Eppendorf tubes at timepoints 0, 25, 35, 45, 60, 90 and 120 min and 
immediately centrifuged for quantification of plasma p-glucose con- 
centrations by the glucose oxidase technique (Biosen, EKF Diagnostics) 
and NNC2215 or insulin degludec plasma concentrations. The rats had 
no access to food during the experiment. 


Hypoglycaemia study in pigs. Female LYD pigs aged approximately 
18 weeks and weighing between 74.5 and 86.5 kg on the day ofthe first 
dose were used. Body weight increased to 99-110 kg on the day ofthe 
last dose. Before the experiments, all ofthe animals were instrumented 
with two venous catheters, one for infusion and one for sampling. Fast- 
ing glucose was measured before each experimental day and ranged 
from 4.43 to 6.23 mM. Animals were subjected to constanti.v. infusions 
ofsomatostatin (1 ug kg"! min 1)—to suppress endogenous insulin and 
glucagon secretion—and glucagon (0.45 pmol kg! min!) to replace 
the suppressed glucagon secretion. Suppression of insulin secretion 
was verified by measuring C-peptide levels, which documented that 
endogenous insulin secretion was below basal levels throughout the 
experiment despite plasma glucose being elevated (Extended Data 
Fig. 3c). Primed constant infusions of NNC2215 or insulin degludec and 
infusion of glucose were given as indicated below. Suitable priming 
doses ofeach insulin analogue were estimated based on their phar- 
macokinetics after i.v. administration. 

The duration of the experiment was 540 min. At time O, infu- 
sions of hormones and glucose were started. Glucose was infused 
at 6mgkg! min from O to 360 min after which it was turned off for 
90 minand restarted at 6 mg kg min for the last90 min oftheexperi- 
ment. To investigate a range of plasma glucose concentrations before 
turning off the glucose infusion, different insulin infusion rates were 
used (NNC2215:1.30, 1.44, 1.58, 1.72,1.86,2.00 and2.14 pmol kg! min; 
insulin degludec: 0.7, 0.9 and 1.1 pmol kg! min'!). The insulin infusion 
rates were chosen with the aim of having comparable glucose concen- 
trations for NNC2215 and insulin degludec before turning offthe glu- 
coseinfusion. Owing to the limited experience with the glucodynamic 
potency of NNC2215, a broader dose range was tested for NNC2215 than 
for insulin degludec. The lower infusion rates of NNC2215 were tested 
atthe beginning ofthe study and the higher rates were tested at the end 
ofthe study. Samples for glucose determination were drawn into EDTA 
Eppendorf tubes. The samples were then immediately centrifuged, 


and the plasma analysed using the glucose oxidase technique (YSI 
2900, YSI). 


s.c. and i.v. pharmacokinetic study of NNC2215 in pigs. Seven 
female LYD pigs aged approximately 22 weeks and weighing between 
93.0 and 97.5 kg were used. Before the experiment, the animals were 
instrumented with a venous catheter for i.v. injection of NNC2215 and 
for blood sampling. Four animals were injected s.c. in the neck area 
with 2 nmol kg 1NNC2215 (600 nmol ml!) and three animals received 
i.v. bolus administration of 0.3 nmol kg 1 NNC2215. Blood samples 
were drawn into EDTA Eppendorftubes and immediately centrifuged 
for quantification of plasma glucose concentrations by the glucose 
oxidase technique (Biosen; EKF Diagnostics) and NNC2215 plasma 
concentrations. 


Pharmacokinetic/pharmacodynamic models. Methodology on the 
pharmacokinetic/pharmacodynamic modelling used to quantify the 
change in insulin activity of NNC2215 with changing plasma glucose 
based on data from the hypoglycaemia study in pigs is provided in 
the Supplementary information. 


Glucose challenge study in diabetic rats. Healthy male Sprague- 
Dawley rats (aged approximately 9-10 weeks; 350-400 g) were sur- 
gically instrumented with permanent arterial (blood sampling) and 
venous (insulin and glucose infusions) catheters under isoflurane 
anaesthesia and recovered from surgery with analgesia (carprofen, 5 mg 
per rat per day, s.c.) for 7-8 days before being made acutely diabetic 
with streptozotocin (65 mg kg;!, s.c.). Then, 3-4 days after streptozo- 
tocin treatment, the rats were fasted overnight and subjected to one 
ofthree different constant i.v. infusion rates of either NNC2215 (42, 
84,100 pmol kg! min'!; primed, see below) or human insulin (20, 25, 
30 pmol kg! min'!) to lower plasma glucose from >15 mM to a prede- 
fined target of5.7 mM. Appropriate priming doses of NNC2215 to obtain 
steady state in plasma exposure within the duration of the study was 
calculated using its pharmacokinetics after i.v. administration in rats. 
When the glucose target was reached, it was clamped by adjusting the 
i.v. GIR. Whenthe GIR had been at steady state for at least 30 min, a GTT 
was carried out by infusing an additional 25 mg kg! min ofglucose 
for 60 min on top ofthe individual steady-state GIR without clamp- 
ing the plasma glucose. Blood for measurement of plasma glucose 
concentrations was drawn from the arterial catheter into heparinized 
Eppendorftubes and immediately centrifuged for 30 s. Plasma glucose 
was measured every 10 min throughout the study by the glucose oxi- 
dase technique (YS1 2900). To mimic the effect ofa glucose-sensitive 
insulin and to quantify its extra effect during the GTT, another group 
ofstreptozotocin diabetic rats was given 50% additional human insulin 
on top ofthe constant human insulin infusion (20 +10 pmol kg min; 
human insulin +50%) during the GTT. The maximal plasma glucose 
concentrations during the GTT were compared using one-way analysis 
ofvariance and pairwise comparisons by Tukey's post hoc test. 


Quantification of insulin and C-peptide concentrations in plasma 
samples. The plasma samples were analysed for levels of NNC2215, 
insulin degludec and human insulin using luminescence oxygen chan- 
nelling immunoassay (LOCI)/Alpha-LISA, which is a homogeneous im- 
munoassay method without washing steps. In the LOCI/Alpha-LISA 
assay, streptavidin-coated donor beads are used (Alpha-LISA donor 
beads, Perkin Elmer) in addition to acceptor beads (Alpha-LISA acceptor 
beads, Perkin Elmer), which were conjugated to a monoclonal antibody 
specific for the insulin analogues ofinterest (NNC2215, insulin degludec 
or human insulin). A second monoclonal antibody recognizing another 
part ofthe insulin analogues ofinterest was biotinylated and usedinthe 
LOCI/Alpha-LISA assay. The antibody pairs used for determination ofthe 
three analytes were as follows: NNC2215 (monoclonal antibody HUL-018 
conjugated to acceptor beads and biotinylated polyclonal antibody GP 
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a-HI4080-E; when measuring NNC2215 in pig plasma, unmarked mono- 
clonalantibody OXI-005 was added to prevent measurement ofendog- 
enous pig insulin; when measuring in rat plasma, unmarked monoclonal 
antibodies anti-ratinsulin land anti-rat insulin 2 were added to prevent 
measurement ofendogenous ratinsulin); insulin degludec (monoclonal 
antibody NN454-1F31 conjugated to acceptor beads and biotinylated 
monoclonal antibody S$1); human insulin in rat plasma (monoclonal 
antibody HUI-018 conjugated to acceptor beads and biotinylated mono- 
clonalantibody OXI-005). All ofthe indicated antibodies were generated 
in-house at Novo Nordisk. A dilution row of NNC2215, insulin degludec 
or human insulin was prepared as calibrators in species-specific plasma 
pools in appropriate concentration ranges. The calibrator curves for 
each ofthe insulin analogues were used for the quantification of the 
specific analytes in unknown samples. Plasma samples containing the 
analytes of interest were incubated with antibody-coated acceptor 
beads in addition to the described biotinylated monoclonal antibody 
(Bio-mAb) in 384-well plates. After 1 h (insulin degludec and human 
insulin) or 24 h (NNC2215) of incubation, the streptavidin-coated 
donor beads were added to the wells. The acceptor beads, the analyte 
ofinterest, the Bio-mAb and the donor beads all form a complex within 
the solution. Illumination ofthe complex releases singlet oxygen atoms 
from the donor beads. These are channelled into the acceptor beads 
and trigger a chemiluminescence response, which is measured in an 
Envision plate reader (Perkin Elmer). The amount oflightis proportional 
to the concentration of the analyte. The lower limit of quantification 
was determinedto be42pMin LYD pig and 27 pM in rat for NNC2215, 15 
pPMin LYD pig for insulin degludec and 2.6 pM in rat for human insulin. 
Plasma samples were analysed for pig; C-peptide content using 
LOCI/AlphaLISA technology as described above for quantification 
of insulin concentrations in plasma samples. During the assay, a 
concentration-dependent bead-analyte-immune complex is cre- 
ated, resulting in light output, which is measured on the Perkin Elmer 
Envision reader. In the assay, anti-pig C-peptide monoclonal antibody 
M-grC-pe-1F34A1-conjugated acceptor beads and biotinylated mono- 
clonal antibody 4F16A6 (also raised against pig C-peptide) were used 
together with generic streptavidin-coated donor beads. Both antibod- 
ies were made in house. The lower limit of quantification was 45 pM. 


Reporting summary 


Further information on research design is available in the Nature Port- 
folio Reporting Summary linked to this article. 


Data availability 


Source files ofthe 3D structural models of NNC2215 shownin Fig. 1b are 
available at Figshare (https://doi.org/10.6084/m9.figshare.26526460). 


All other data supporting the findings ofthis study are available within 
the Article and its Supplementary information and Supplementary 
Data. Source data are provided with this paper. 
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Extended Data Fig.1|In vitro biology.a, Glucose-dependenthIR-A affinity 
of NNC2215with no HSA in the assay. Data are mean + SD (n = 3 independent 
replicates). In each set ofexperiments the measurements were performed with 
three technical replicates.“Determined from the ICso in the presenceofOor 

20 mM D-glucose (without HSA). b, Glucose-dependenthiIR-A affinity of 
NNC2215a with 1.5% HSA in the assay. Data are mean + SD (n = 3 independent 
replicates). In each set ofexperiments the measurements were performed with 
three technical replicates.PDetermined from the IC; in the presence ofOor 

20 mMD-glucose (with 1.5% HSA). c, Representative displacement curves of 
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d, Glucose-dependent IGF-1R affinity of NNC2215 with no HSA in the assay. Data 
are mean + SD (n = 3independent replicates). In each set of experiments the 
measurements were performed with three technical replicates.“Determined 
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insulin. Data are mean (n = 2 technical replicates). 
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Extended DataFig.2 | L-glucose triggering experiment in vivo with the b, Glucose dose-independent clearance ofinsulin degludec measured by the 
glucose non-sensitive insulin analogue, insulin degludec, as negative insulin degludec concentration at 60 min. Data are mean + SEM (n = 7 animals 
control. a, D-glucose levels did not decrease after dosing ratsi.v.withincreasing  pergroup). 

L-glucose doses (0to2 g/kg). Data are mean + SEM (n = 7 animals per group). 
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Extended Data Fig. 3 |Hypoglycaemia study in pigs- Analysis ofprotection 
against hypoglycaemia and C-peptide concentrations. a-c, Exploratory 
correlation analyses ofthe lowest glucose concentration after turning offthe 
glucose infusion vs. the glucose concentration immediately prior toturning off 
the glucose infusion. Nonlinear least squares regression analysis was performed 
using GraphPad Prism. All doses are contained in the plots. In (a) the insulin 
degludec data set has been truncated so the range ofglucose concentrations 
before turning offglucose infusion is the same in the two groups. Slopes for 
NNC2215 and insulin degludec are not statistically significantly different 

(p= 0.293) astested using an extra sum-of-squaresF test. Intercepts for NNC2215 
and insulin degludec are statistically significantly different (p < 0.0001) as 
tested using an extra sum-of-squaresF test. The estimated difference in the 
dropin glucose between NNC2215 and insulin degludec was 1.8 mM.In (b) data 
from all pigs are shown, including those insulin degludec treated pigs with 
lower starting glucose values, illustrating that counterregulation setsinin 
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those pigsand the estimated slope becomes significantly different (p = 0.024) 
as tested using an extra sum-of-squares F test. In (€) six data sets corresponding 
to all six experimental days in a single animal with high C-peptide levels were 
omitted, which does not alter the conclusion that can be drawn from (b). 

d, C-peptide concentrations. Data are geometric mean+geometric SD (n=31 
animals for NNC2215 and n = 15 animals for insulin degludec). Data are plotted 
acrossall dose levels documenting suppression of C-peptide despite relative 
hyperglycaemia in the pigs during the experiment. Suppression was not 
differentin NNC2215 and insulin degludectreated pigs. During the experiment, 
most values were below the lower limit of quantification of 45 pMandthose 
were represented as 22.5 pM.Occasional poor replicate C-peptide measurements 
were treated conservatively in relation to demonstrating C-peptide suppression 
by selection ofthe higher ofthe two replicates. Geometric mean was chosen 
duetoonepig having markedly higher C-peptide levels than the rest, albeit still 
with lower values during infusion than at baseline. 
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Extended Data Fig.4 | Pharmacokinetic profile and glucose concentration following s.c. and i.v. administration of NNC2215 in LYD pigs. a, NNC2215 
concentrations in plasma. b, Plasma glucose levels. Data are mean + SEM (n =4 animals for s.c.andn = 3 animals for i.v.). 


a Parameter Description Unit  Parameter value 

p2 Rate constant for loss of insulin 1/7 0.3722 
action 

Slisa Maximum SI (insulin sensitivity) 0.00673 

SIEC50O Glucose level giving 50% of Slax mM 50 (fixed) 

VG Volume of distribution for glucose l/kg 0.218 (fixed) 

GB Steady-state glucose level mM 7.62P 

sG Rate constant for insulin-independent 1/h 1.12 
glucose production and elimination 

GO Plasma glucose at time 0 (for mM 5.34 
initialisation) 

Residual error % 10 


Extended Data Fig. 5 | Minimal model based on the hypoglycaemic study in 
LYD pigs quantifying the change in NNC2215 activity depending on glucose 
concentration. a, Parameters for the minimal model. Data are typical values 
from a non-linear mixed effects model. Endogenous insulin was confirmed by 
bioanalysis to have been suppressed by the somatostatin infusion, and hence 
this contribution was set to Oin the model.“Interindividual variation: 86%. 
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PInterindividual variation: 38%. Correlation with P2: 44%. b, Model-based SI 
index for NNC2215 as a function of plasma glucose. The simulation was based 
on typical values from the pharmacokinetic/pharmacodynamic model. Sl was 
expressed as 0.00673 + Glucose concentration/(50 + Glucose concentration). 
The Slindex for a given glucose concentration was calculated as the SI for that 


glucose concentration in percent ofthe SI for a glucose concentration of5.5mM. 


Article 


30 
= 
£ 
7 25 
= 
5 e 
[0] 
E= 20 
E = 8 
E LI] i: aie 
g 15 - a 
: E 
[8] 
: - 
Ko) 
£ 10 
Y 
Ss 
o 
Ku --- NNC2215 
E 5 Sa 
= Human insulin 
O 
= 


=- Human insulin +50% 


9) 5 10 15 20 
Steady-state GIR prior to the GTT (mg/kg/min) 


Extended Data Fig. 6 | Linear regression ofmaximal plasma glucose 
concentration during the GTT vs. steady-stateGIR prior to the GTTin rats. 
For each animal, the maximal plasma glucose concentration during the GTT 
was plotted against the steady-state GIR prior tothe GTT, which represents the 
quantitative effect ofthe constant insulin infusion. Nonlinear least squares 
regression analysis was performed using GraphPad Prism. Slopes for NNC2215, 
human insulin and human insulin +50% are not statistically significantly 
different (p = 0.908) astested using an extra sum-of-squaresF test. Theslope 
for the three groups pooledis -0.311 mM/(mg/kg/min). Importantly, the Y-axis 
intercepts (i.e. the maximal plasma glucose concentration during the GTT) for 
NNC2215, human insulin and human insulin +50% are statistically significantly 
different (p < 0.0001), as tested using an extra sum-of-squaresF test, with the 
intercept ofthe NNC2215 group being in between the human insulin group, 
which was higher, and the human insulin +50% group, which was lower. 
Quantitatively, the maximal plasma glucose concentration during the GTT 
evaluated at GIR = O mg/kg/min prior tothe GTT was reduced by 18% for 
NNC2215 vs. human insulin and by 30% for NNC2215 vs. human insulin +50%. 
Thus, the glucose sensitive effect of NNC2215 was less than the effect of 50% 
additional human insulin but corresponded more closely to 30% additional 
human insulin (50% * 18/30). Evaluated at GIR = 15 mg/kg/min prior to the GTT, 
the effect of NNC2215 during the GTT corresponded to 32% additional human 
insulin. 
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Extended Data Fig. 7 | 0-succinimidyl pentyn-l-oxycarbonyland 
beta-carboxymethyl-oxyethyl-O-peracetyl-D-glucoside active ester. 
a, O-succinimidylpentyn-l-oxycarbonyl.b, beta-carboxymethyl-oxyethyl 
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O-peracetyl-D-glucoside active ester. Carbon atoms are numbered to allow 
identification ofthe NMR assignments provided in the Supplementary Data. 
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h, Compound 25c+0. i, Macrocycle roof propylazide. Carbon atoms.in (i) are 
numbered to allow identification of the NMR assignments providedin the 


Supplementary Data. Yields are given in percent. 


Extended Data Fig. 8| Synthesis of the macrocycle roofpropylazide. 
a, Trisbromomethyl acid. b, Carboxytris-azide. c, Alcoholtris-azide. d, Alcohol 
tris-Boc.e, O-mesylatetris-Boc. f, Azide tris-Boc. g, Propylazide tris-isocyanate. 
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Extended Data Fig. 9 | Control compound NNC2215a. The structure ofthe control compound NNC2215a. 
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Extended Data Table 1| Non-compartmental and compartmental pharmacokinetic analysis 


a 
Rat LYD pig 
CI Vz Tu CI Vz Tu 
(L/h/kg) (L/kg) (n) (L/h/kg) (L/kg) (h) 
NNC2215 0.20 + 0.03 0.34 + 0.06 1.19 + 0.05 0.11 + 0.01 0.20 + 0.02 1.31 + 0.02 
Insulin degludec 0.04 + 0.01 0.10 + 0.04 1.65 + 0.54 0.07 + 0.01 0.19 + 0.02 1.83 + 0.08 
Human insulin 5.26 + 0.66 1.89 + 0.32 0.25 + 0.01 1.49 + 0.48 0.28 + 0.08 0.12 + 0.04 
b RR 
Pharmacokinetic parameter Unit Parameter value 
Volume of distribution of the central compartment L/kg 0.0482 
Volume of distribution of the peripheral compartment L/kg 0.0723 
Clearance L/h/kg 0.1313 
Distribution clearance L/h/kg 0.0621 
Residual error % 10.8 


a, Non-compartmental analysis estimates of clearance, volume of distribution and elimination half-life of NNC2215, insulin degludec and human insulin after intravenous administration in rats 
and LYD pigs. Data are arithmetic mean+SD for clearance and volume of distribution and harmonic mean + pseudo SD for elimination half-life. Rat studies n=8 animals for NNC2215, n=5 animals 
for insulin degludec and n=3 animals for human insulin. LYD pig studies n=3 animals for NNC2215 and n=8 animals for insulin degludec and human insulin. b, Pharmacokinetic parameters for 
the 2-compartment model of NNC2215 in LYD pigs. Data are typical values from non-linear mixed effects model. *Interindividual variation: 34%. 


nature portfolio 


Corresponding author|s): Rita Slaaby 


Last updated by author(s): Aug 23, 2024 


OIJoJ 


Reporting Summary 


Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist. 


[q») 
9; 
Ey 
O 
pi 
wi 
pâ 
= 
lat, 


Statistics 


For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section. 
n/a | Confirmed 

[] XI] The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement 

[] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly 


D pd The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section. 


[] XI] A description of all covariates tested 
[] A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons 


0 A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
ZI AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals) 


D SK For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable. 


x] L] For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings 
x| L] For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes 


] L] Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated 


Our web collection on statistics for biologists contains articles on many of the points above. 


Software and code 


Policy information about availability of computer code 


Data collection  MicroCal VP-ITC Analysis Add On Software Package 7.20 for ORIGIN 7.0 
Maestro (Schrâdinger release 2020 3) 
BIOVIA Discovery Studio (Version 4.0) 
BIOVIA Draw (Version 22.1) 


Data analysis Phoenix NLME (Version 8.4) 
GraphPad Prism (Version 10.2.1) 
Microsoft Excel for Microsoft 365 (Version 2406 Build 16.0.17726.20078) 


For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information. 


Data 


Policy information about availability of data 
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 


- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 


- For clinical datasets or third party data, please ensure that the statement adheres to our policy 
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Source files of the 3D structural models of NNC2215 shown in Figure 1b are available at https://doi.org/10.6084/m43 figshare.26526460. All other data that support 
the findings of this study are available within this paper, its Supplementary information and the Source data that are provided with this paper. Any additional 
information is available upon request. 
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Human research participants 


Policy information about studies involving human research participants and Sex and Gender in Research. 


Reporting on sex and gender No data from humans are included. 


Population characteristics No data from humans are included. 
Recruitment No data from humans are included. 
Ethics oversight No data from humans are included. 


Note that full information on the approval of the study protocol must also be provided in the manuscript. 


Field-specific reporting 
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection. 


X] Life sciences [] Behavioural & social sciences [] Ecological, evolutionary & environmental sciences 


For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf 


Life sciences study design 


All studies must disclose on these points even when the disclosure is negative. 


Sample size No sample size calculations were performed. 
For the invitro and ex vivo studies, the sample size was at least three biological replicates to be able to calculate a variability measure in 
addition to the mean. 
For the in vivo studies in rats and pigs, three to eight animals were included per group as typical for these types of studies. 


Data exclusions No data were excluded. 


Replication The native MS study included three technical replicates. 
The binding studies included three independent experiments and each independent experiment included two or three technical replicates. 
The cell based and in vivo studies included at least three biological replicates. 
Specific n values are provided in each table/figure legend. All attempts at replication were successful and all experimental data were 
reproducible between independent experiments. 


Randomization  Randomization is not applicable for the included types of studies. 
For the in vivo studies in rats, animals were stratified into the required number of groups based on body weight. 


Blinding Blinding for experimental group allocation is not applicable for these types of studies. Firstly, to minimize the risk of making unintentional 
human errors during the experiments, the study protocols were kept as simple as possible, which included working with non-blinded study 
designs. Secondly, it is unlikely in these types of studies that the results can be affected by knowing the allocation to experimental groups. 


Reporting for specific materials, systems and methods 


We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 


Materials & experimental systems Methods 


Involved in the study 
[] Dx] Antibodies 
[] Dx] Eukaryotic cell lines 
XI] L] Palaeontology and archaeology XI L] MRI-based neuroimaging 
L] XI] Animals and other organisms 


XI L] Clinical data 


X] [] Dual use research of concern 


Antibodies 


Antibodies used 


Validation 


Involved in the study 


XI [] ChIP-seq 
X [] Flow cytometry 


Anti-hiR 83.7 (1212-0000-0228; Novo Nordisk; batch 4C), 25 ng per binding reaction 

Anti-IGF-1R 24-31 (1212-0000-0131; Novo Nordisk; batch 4B), 25 ng per binding reaction 

Quantification of NNC2215: Sandwich assay with combination of antibodies mAb HUl-018 (1212-0000-0087; Novo Nordisk; batch 
278; working concentration: 33.3 ug/mL acceptor beads conjugated with antibody) and biotinylated pAb GP a-HI 4080-E (Novo 
Nordisk; working concentration: 15 nM = 283x dilution). 

Quantification of insulin degludec: Combination of antibodies mAb NN454-1F31 (1212-0000-0096; Novo Nordisk; batch 17B; working 
concentration: 66.7 ug/mL acceptor beads conjugated with antibody) and biotinylated mAb S1 (1212-0000-0107; Novo Nordisk; 
batch 48; working concentration: 3.27 nM). 

Quantification of human insulin: Combination of antibodies mAb HUI-018 (1212-0000-0087; Novo Nordisk; batch 27B; working 
concentration: 33.3 ug/mlL acceptor beads conjugated with antibody) and biotinylated mAb OXI-005 (1212-0000-0415; Novo Nordisk; 
batch 3B; working concentration: 8 nM). 

Quantification of pig C-peptide: Combination of antibodies: mAb M-grC-pe-1F34A1 (1212-0000-0583; Novo Nordisk; batch 1B; 
working concentration: 33.3 ug/mL acceptor beads conjugated with antibody) and biotinylated mAb 4F16A6 (1212-000-0581; Novo 
Nordisk; batch 2B; working concentration: 12 nM). 


Validation of the specificity of anti-hiR 83.7 for the insulin receptor and anti-lGF-1R 24-31 for the IGF-1R has previously be done by 
Soos, M. A. et al. (1986) Biochem. J]. 235, 199-208 and Soos, M. A. et al. (1992) ]. Biol. Chem 267, 12955-12963. The specificity of the 
batches expressed in-house were qualified by immunoprecipitation and Western blot analysis. 

The antibodies for quantification of insulin, insulin analogues and C-peptide were produced at Novo Nordisk. Their identity and 
quality have been checked by using Nanodrop, SEC-HPLC, LC-MS and SDS Page. The combination of antibodies used in the assays 
were qualified for purpose by covering the following issues: 1) selectivity (cross reactivity of rat insulin in human insulin assay is <1% 
and cross reaction of pig insulin in C-peptide assay is <0.01%), 2) sensitivity and range, 3) inter- and intra-assay variability, 4) dilution 
linearity and 5) interference. 


Eukaryotic cell lines 


Policy information about cell lines and Sex and Gender in Research 


Cell line source(s) 


Authentication 


Chinese Hamster Ovary cells (ATTC, Rockville, MD, USA) were transfected with cDNA encoding human insulin receptor (CHO- 
hIR) as described in Hansen et al. (1996) Biochem J. 315, 271-279. 


The CHO-hiR cells expressing the cloned human insulin receptor were not authenticated, but grew as expected with the 
appropriate selection pressure. The morphology was as expected, and it was confirmed that the cells expressed the insulin 
receptor. 


Mycoplasma contamination Negative for mycoplasma contamination. 


Commonly misidentified lines No commonly misidentified cell lines were used in the study. 


(See ICLAC register) 


Animals and other research organisms 


Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 


Research 


Laboratory animals 


Wild animals 
Reporting on sex 


Field-collected samples 


L-glucose rat model: Male Sprague-Dawley rats (11 weeks of age) 

Hypoglycaemia study in pigs: Female Landrace-Yorkshire-Duroc pigs (approximately 18 weeks of age) 

S.c. and i.v. pharmacokinetic study of NNC2215 in pigs: Female Landrace-Yorkshire-Duroc pigs (approximately 22 weeks of age) 
Glucose challenge study in diabetic rats: Male Sprague-Dawley rats (approximately 9-10 weeks of age) 

No wild animals were used 


There is generally no need for sex segregation with insulin pharmacology 


No field collected samples 
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Ethics oversight Danish national Animal Experiments Inspectorate 


Note that full information on the approval of the study protocol must also be provided in the manuscript. 
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